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Abstract Global warming is triggering some species
to shift towards the poles or higher elevations, but
spatial translocation is also influenced by land-use
regime or intensity. The Himalayan climate is getting
warmer and land use has changed, reducing in
intensity in some areas. We estimated the upper
species limit (USL) and tree limit of Abies spectabilis
(D. Don) Spach and assessed whether these have
changed over recent years. We hypothesise an upslope
shift in response to enhanced temperature and changes
in land-use intensity. Our four transects were located
in treeline ecotones of two protected areas in Nepal,
namely Manaslu Conservation Area (3 transects) and
Gaurishankar Conservation Area (1 transect). Tran-
sects (20 m wide) ran from the USL of A. spectabilis
down towards the treeline and beyond to the forest
line. Length of each transect varied depending on local
conditions. Co-ordinates, elevation, height and age of
each A. spectabilis individual along the transects were
recorded. We noted an upward shift of both the USL
and the tree limit. The rate of shift was ca. 20 m per
decade for the USL and 12 m per decade for the tree
limit in the area of reduced land-use intensity and in
the area with no change in land use, 5 m per decade for
the USL, but almost nil for tree limit. The seedling
density was higher below the treeline than above.
Reduced intensity of land use was the dominant factor
in upslope shift of A. spectabilis at both the USL and
the tree limit.
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Introduction
The treeline in the mountains is one of the most
fundamental ecological and conspicuous physiog-
nomic boundaries along the elevation gradient (Harsch
et al. 2009; Holtmeier 2009; Schickhoff 2005). The
natural alpine treelines are the result of heat deficiency
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that adversely affects growth, regeneration and sur-
vival of trees, and they are therefore sensitive to
climate change (Ko¨rner and Paulsen 2004).
The extent and limits of the treeline ecotone are
easily confounded by different factors such as the
presence of herbivores (Speed et al. 2012), forms of
treeline (Harsch et al. 2009), land-use dynamics
(Gehrig-Fasel et al. 2007), geomorphology (Leonelli
et al. 2011; Resler 2006), moisture (Crimmins et al.
2011; Qiu 2015), as well as local temperature. Several
recent studies document an upslope or poleward shift
of species at the treeline and suggest that this is partly
as a result of recent global warming (Bhatta and
Vetaas 2016; e.g. Matteodo et al. 2013; Parmesan and
Yohe 2003; Sturm et al. 2001; Telwala et al. 2013).
The impact of climate change is likely to be both
species specific and site specific (e.g. Chen et al. 2011;
Lenoir et al. 2008; Telwala et al. 2013), making it
difficult to determine the role played by climate in any
changed scenario. The upslope shift for different
species ranged from 586 to 787 m on the Chimborazo
volcano in Ecuador over a 210-year period (Morueta-
Holme et al. 2015); in the Engadine valley of Swiss
Alps, more than 100 m upslope shift has been
reported during the last nine decades (Frei et al.
2010) and 87 percent of 124 endemic plants species
have expanded their range in Sikkim Himalaya during
the last ca. 150 years (Telwala et al. 2013). The
treeline has shifted upwards in Barun valley in central
Himalaya in the last 130 years (Chhetri and Cairns
2015), and A. spectabilis has shifted upslope in
Manaslu region, central Himalaya in the last ca.
160 years (Gaire et al. 2014).
Not all species, however, exhibit a range expansion
or upward shift (565 species, Grytnes et al. 2014; 92
species, Zhu et al. 2012). For instance, vascular plant
species were found to be tracking their environmental
niche by shifting downhill because of decreased water
availability in California, although average tempera-
ture increased (Crimmins et al. 2011). Climatic
warming increases water stress by increasing evapo-
transpiration. In such cases, temperature rises without
an increase in precipitation counteracts the expected
effects of warming. Picea crassifolia was found to be
translocated downhill when suffering from such a
phenomenon on the southern Tibetan Plateau (Qiu
2015).
Land-use change has also been identified as a driver
in species-range dynamics. For example, plant species
may expand into abandoned agropastoral areas due to
reduced herbivory (Sharma et al. 2014b; Speed et al.
2012). Gehrig-Fasel et al. (2007) show that the treeline
is moving upwards in the Swiss Alps due to land-use
change, and in the French Maurienne valley, the upper
elevational limit of Abies alba shifted upslope bymore
than 300 m in 50 years after land abandonment
(Chauchard et al. 2010). Herbivores suppress the
growth, and kill or uproot seedlings that are thriving in
the harsh treeline ecotone (Hofgaard 1997). Thus the
density of herbivores affects the species range (Gry-
tnes et al. 2014). Grazing in the treeline ecotone
impacts the position of the treeline (Holtmeier and
Broll 2007; Speed et al. 2010) and plant species limit
(Speed et al. 2012).
The range dynamics of a treeline species under
different land-use regimes can be tested in the high
mountain areas of Nepal that has experienced climatic
warming of 0.6 C per decade since 1970 s (between
1971 and 1994, Shrestha et al. 1999; between 1982 and
2006, Shrestha et al. 2012).We selected sites represen-
tative of two land-use regimes: one with a history of
limited land use that has not changed as a control and the
other with reduced land-use intensity (RLI) to study the
upper-range dynamics of A. spectabilis (D. Don) Spach.
The aims of this study were (i) to compare the upper
species limit and the tree-limit dynamics in two
contrasting land-use scenarios and (ii) to analyse
regeneration within the treeline ecotone.
Methodology
Study areas
This study was carried out in two protected areas of
Nepal, namely Manaslu Conservation Area (hereafter
MCA; 8439.500E–8441.810E and 2833.860N–
2834.310N) and Gaurishankar Conservation Area
(henceforth GCA; 8622.5480E–8622.4940E and
2753.8650N–27o53.9140N) (Fig. 1).
Climate
We used available climate data (1978–2009) from the
nearest meteorological stations to the study areas. For
the MCA, we used temperature data from Chame
(2680 m a.s.l.; 28330N and 84140E; ca. 40 km west)
and precipitation data from Larke Samdo (3650 m
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a.s.l.; 28400N and 84370E; ca. 8 km northwest). For
the GCA, we used data for both precipitation and
temperature from Jiri (2003 m a.s.l.; 27380N and
86o140E; ca. 34 km south). Missing temperature and
precipitation data were assigned the respective mean
monthly values. Temperature data were extrapolated
to treeline elevations assuming a mean annual lapse
rate of 0.52 C per 100 m elevation (Kattel et al.
2013). Temperature has been increasing at a rate of ca.
0.19 C per decade in both the areas (p\ 0.05)
between 1978 and 2009. This warming rate is slower
than the average warming in Nepal (between 1971 and
1994) (Shrestha et al. 1999) and in the Hindu Kush
Himalayan region (between 1982 and 2006) (Shrestha
et al. 2012).
Land use
In both our study areas, transhumance is still
practiced, but in the GCA it does not affect the
sampling area (Schickhoff et al. 2014). During
summer, cattle herds are taken to the highland,
while during autumn they are brought back to the
lowland. In the MCA, land-use signs such as
lopping, cut stumps, grazing, trampling and drop-
pings were noticed. In the GCA, the practice of
collecting dead tree branches and lopping signs
were observed mainly in the dense forest at lower
elevations. It is a near-natural or climatic treeline
in this area (Mu¨ller et al. 2015; Schickhoff et al.
2014).
Vegetation
A. spectabilis is a coniferous tree species growing in
cool temperate and subalpine regions in the central and
western Himalayas. It forms monodominant forest and
reaches a height of 50 m and trunk diameter of more
than 1.5 m. Furrowed branchlets are densely leafy
with yellowish grey, brown or reddish brown colour
(eFloras 2008).
In the MCA, the lower part of the treeline ecotone is
dominated by A. spectabilis and the upper part by
Betula utilis and Rhododendron scrub. Juniperus
recurva, Rhododendron companulatum, R. antho-
pogon, R. lepidotum, Delphinium spp. and Berberis
spp. were also found in the forest of this area. In the
treeline ecotone in the GCA, the lower part is
dominated by A. spectabilis and the upper part by
Rhododendron spp., Betula utilis, Rhododendron
campanulatum, R. anthopogon, R. lepidotum, Rosa
sericea, Potentilla fruticosa and Berberis spp. are
found as co-occurring species.
Sampling
To be able to partially disentangle the effects of land-
use intensity and climate change, we selected two
study areas within the protected areas to circumvent
contemporary high human disturbances. Then we
filtered the areas based on the accessibility of the
treeline ecotone.
One control transect was located in an area of
negligible land use (transect GCA-1, control) and
three transects (MCA-1, MCA-2, MCA-3) were
located in an area which had undergone RLI. In all
areas, we first looked for the uppermost individual
(= Upper Species Limit, hereafter USL) in the treeline
ecotone. Our horizontal search distance ranged from a
few hundred metres to an 1800 m stretch of landscape.
Transects were then drawn on the basis of the USL of
A. spectabilis in a delimited area.
A transect of 20 m width running downhill towards
the treeline [highest elevation of trees at least 2 m high
in a patch comprising at least three individuals (Ko¨rner
2003)] was surveyed. From the treeline, a second half
of the transect continued downhill into the forest. The
second half of transect should ideally be as long as the
first, but in two of the cases this was not possible due to
topographical constraints.
Fig. 1 Black dots indicate the transect locations in the two
protected areas: three transects are located in MCA and one is
located in GCA in Nepal
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Altogether four transects of variable lengths (see
Table 1) were sampled. In each transect, trees (height
C2 m), saplings (15–199 cm) and seedlings (B15 cm)
of A. spectabilis were recorded (Hofgaard and Rees
2008). Each tree was cored at the base of the tree using
an increment borer (Haglo¨f, Sweden) to determine its
age by counting the rings. The age of a sapling or
seedling was estimated by the branch whorl count
method (Camarero and Gutierrez 2004; Ninot et al.
2008). The height of each individual was measured.
Elevation (±1 m accuracy, using a digital altimeter
(Silva)), latitude and longitude (Garmin GPS) were
recorded for all individuals.
Analysis
The USL shift rate (metre per decade) was calculated
based on the elevation, and the age of the uppermost
individual and the oldest individual occurring within
the transect is given in the following equation:
USL shift rate ¼ EUI EOIð Þ
AOI AUIð Þ  10; ð1Þ
where EUI is the elevation of the uppermost individ-
ual; EOI the elevation of the oldest individual;
AOI the age of the oldest individual and AUI is
the age of the uppermost individual (modified method
of Gamache and Payette 2005).
The tree-limit shift rate [the upper limit of woody
plants C2 m tall (Wardle 1974)] (metre per decade)
was calculated using the following equation:
Tree limit shift rate ¼ EUT EOIð Þ
AOI AUTð Þ  10; ð2Þ
where EUT is the elevation of the uppermost tree and
AUT is the age of the uppermost tree.
Average shifting rate of ten individuals (metre per
decade) was estimated using the following equation:
Average shift rate ¼ AE10UI AE10OIð Þ
AA10OI AA10UIð Þ  10; ð3Þ
where AE10UI is the average elevation of 10 upper-
most individuals; AE10OI the average elevation of 10
oldest individuals; AA10OI the average age of 10
oldest individuals and AA10UI is the average age of
10 uppermost elevational individuals.
The regeneration of A. spectabilis was assessed
with a histogram for different age groups expressed as
individuals per hectare. We compared seedlings and
saplings above and below the treeline in all transects in
terms of density per hectare.
Results
Species limit shift
We found that the USL ranges from ca. 4000 to
3750 m a.s.l. (Table 1; Fig. 2) in our transects. The
length of the transects varied from 102 to 570 m, and
the number of individuals per unit area also varied
between the transects. The average USL and tree-limit
shift rates in the RLI area were ca. 20 and 12 m per
decade, respectively. In the control area with a
climatically controlled treeline, the rate of USL shift
was much less, only ca. 5 m per decade, and effec-
tively nil for the tree-limit shift. The average of ten
individuals had a shift rate in the RLI area of about










































MCA-1 265 3726 3841 51 3673 2 34 3749 15 21
MCA-2 173 3685 3753 106 3643 5 11 3727 20 10
MCA-3 570 3700 3929 237 3602 1 14 3718 35 4
GCA-1 102 3942 4001 153 3938 22 5 3951 29 1
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26 m per decade and in the control area the shift was
only ca. 2 m per decade (Table 2).
Regeneration and density in treeline ecotone
The age–frequency histogram is left skewed or
inverse-J shaped (Fig. 3), except in one transect in
Manaslu (MCA-1), implying a high density of
seedlings and saplings. The density of seedlings and
saplings was higher below the treeline (Fig. 4). The
seedling density above the treeline was ca. 83 and ca.
19 individuals ha-1 in the RLI and control areas,
respectively, while below the treeline it was ca. 301
and 800 individuals ha-1. Similarly, the sapling
Fig. 2 Scatter plots of recruitment year and elevation for
seedlings, saplings and trees in each of the four transects
[A MCA-1, B MCA-2, C MCA-3 (reduced land-use intensity),
D GCA-1 (no land-use change)]. The dashed lines show the
upper species limit. The arrow indicates the position of the
current treeline position and the vertical lines mark 1950 for
comparison before and after 1950. Note: For better illustration
of the plots, we hide five points in subplot C and two points in
subplot D before 1900 AD
Table 2 Shift of A. spectabilis based on mean of 10 uppermost and oldest individuals
Average of 10 uppermost individuals Average of 10 oldest individuals Vertical shift (m) Rate of shift
(m per decade)
Elevation Age Elevation Age
MCA-1 3816 4 3660 37 156 47
MCA-2 3726 12 3665 74 60 10
MCA-3 3858 5 3624 116 235 21
GCA-1 3956 15 3945 62 11 2
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density above the treeline was ca. 110 and 76
individuals ha-1, while below the treeline it was ca.
245 and 150 individuals ha-1 in the RLI and control
areas, respectively.
Discussion
The treeline in the eastern location (GCA) is at a
higher elevation than in the western part (MCA),
which matches the geographical trend in the Himalaya
(Mani 1974; Miehe et al. 2015). All four treelines
almost coincide with the 10 C isotherm of the
warmest month as noted by Ko¨rner (2003) and
Holtmeier (2009).
We find that the USL has ascended between 63 and
327 m at the different sites, consistent with other
studies in the Himalaya (Gaire et al. 2014; cf. Telwala
et al. 2013). The shift rate was calculated based on two
individuals in each transect and may differ from the
average for the whole landscape. The USL is not static
but very dynamic due to the uncertainty of lethal
events at an early life stage. It records extreme events
experienced by each individual rather than the average
response to climate change (Kreyling et al. 2012). In
an attempt to compensate for this, we used the mean
measurements of 10 individuals to provide a more
general expression. The mean shift rate of 10 individ-
uals was ca. 26 m per decade in the RLI area, while it
was nearly static in the control area (ca. 2 m per
decade). This indicates no significant change because
two metres is within the error in the estimation of
elevation.
We find that the species population has expanded in
the RLI area, a finding confirmed by the local people.
Species are colonising new areas in the mountains and
Fig. 3 Age–frequency histograms for each transect (AMCA-1,
BMCA-2, CMCA-3 [with reduced land-use intensity),DGCA-
1 (no land-use change)]. The histograms show an inverse-J
shape except for MCA-1. Note: The sizes of age group class and
bar width are increased with age
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moving upslope. In the control area, however, there
were only a few individuals above the treeline. The
uppermost individual was recruited in 1990 and was
isolated from the rest of the population. There were no
other individuals of A. spectabilis until close to the
treeline. A similar pattern was observed in the Barun
valley in central Himalaya for the same species
(Chhetri and Cairns 2015). Establishment of new
seedlings of A. spectabilis in the control area may be
inhibited by the monotonous thick Rhododendron
scrub above the treeline (Baker and Van Lear 1998),
and there may be an allelopathic effect (Fisher 1980;
Nilsen et al. 1999) and light control (Clinton and Vose
1996) from the Rhododendron. The ground was
almost devoid of herbaceous vegetation, indicating
that it would not be easy for species to establish here.
The regeneration study clearly shows that there
were many young individuals along our transects. We
recorded, on an average, higher numbers of saplings
along the RLI transects than along the control transect,
suggesting that some level of disturbance provided
opportunities for sapling growth (Vetaas 1997). The
inverse-J-shaped age–frequency histograms (Fig. 3)
depict that A. spectabilis was maintaining a sustain-
able population in the treeline ecotone. The density of
seedlings was, as expected, higher than the density of
saplings. The MCA-3 transect went through very
frequent anthropogenic disturbances and only few
individuals had opportunity to survive to mature age.
The intense disturbances are also depicted by lower
density of saplings and trees in this transect. For all our
transects, we see that the densities of seedlings and
saplings were higher below the treeline than above.
This is in line with other studies (Ninot et al. 2008;
Shrestha et al. 2007), although it contrasts with
findings from Bell et al. (2014) who note an upshift
of range for juveniles and from Shrestha et al. (2014)
who found more seedlings of A. spectabilis above the
treeline in Laurebinayak area in Langtang National
Park, Nepal. There could be many factors to cause
these patterns, such as orography, soil moisture, pH,
community interaction and chance events; some are
likely to be quite site specific.
Our comparison of the USL and tree-limit shift
between a control area and an area of reduced land-use
intensity shows that a greater shift rate occurred in the
area with reduced land use. The type of land-use
practice has not changed, i.e. transhumance, hus-
bandry, agroforestry and grazing, but the intensity has
reduced substantially due to outmigration of local
people (CBS 2014; Bal Kumar 2003; Sharma et al.
2014a). In contrast, there has been no discernible shift
of the tree limit in the control area (a change of 1 m is
less than the error in the estimation of elevation).
There has been a slight shift in the USL of ca. 5 m per
decade, but this estimate is based on only two
individuals. Reduced land-use intensity is therefore
the most likely driver of range expansion in the MCA.
The small increase in average atmospheric tempera-
ture has not yet impacted species distribution in this
ecotone, although it has been noted in other regions
(Matteodo et al. 2013; Parmesan and Yohe 2003;
Fig. 4 Comparative
illustration of seedling and
sapling density (individuals
ha-1) above and below the
treeline in all four transects
(MCA transects are with
reduced land-use intensity,
while GCA is a control with
no land-use change)
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Telwala et al. 2013). However, reduced intensity of
land use (Mu¨ller et al. 2015) may also have synergistic
effects with increased warming in the RLI area
(Morueta-Holme et al. 2015).
Comparing the trends of the USL of the four
transects (Fig. 2), it can be seen that the limit has
increased at all sites. In the eastern Himalaya, Telwala
et al. (2013) reported 87 % of endemic plants (out of
124 species) shifted upslope in response to a temper-
ature rise in mean summer temperature of 0.76 and
3.65 C inmean winter temperature. Over the last nine
decades, an average upslope shift of 145 m was
reported in Engadine valley of Swiss Alps (Frei et al.
2010) and in the last half century a 70 m elevational
shift in the Montseny Mountains (Catalonia, NE
Spain) was reported (Penuelas et al. 2007) as a
response to global warming.
In the last 50 years the local mean annual temper-
ature has increased by about 1 C based on data from
the nearest meteorological station. To track this
warming, species are predicted to need to move
upslope by about 192 m, equivalent to 38 m per
decade. The analysis of our species demonstrates that
it is lagging behind the recent warming. Projected
climatic warming for 2081–2100 is 1.0–3.7 C higher
than the 1986–2005 normal (IPCC 2014), so a shift of
between about 24–90 m per decade would be required
for species to maintain their current climatic niche.
However, a species’ ability to respond is affected by
local geomorphic processes (Macias-Fauria and John-
son 2013), grazing (Speed et al. 2012) and community
interactions such as dense grassland (Rehm and Feeley
2015). Based on the predicted required shifts, it seems
that the species will not be able to track the projected
warming which may cause them to lose their potential
habitat (Engler et al. 2011; Svenning et al. 2008) and
reduce their population size (Feeley and Silman 2010).
Conclusions
In an area of reduced land-use intensity, we document
the growth of A. spectabilis at higher elevations than
the estimated upper species limit and tree limit for
earlier years. The slight increase in mean annual
temperature has not yet prompted a noticeable
response in the species. The rate of upward shift is
site specific and appears to increase after 1950.
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